CDK4 IS A TARGET OF c-MYC 



TECHNICAL FIELD OF THE INVENTION 

This invention is related to cancer therapeutics and means of identifying new 
agents for treating cancers. 

5 BACKGROUND OF THE INVENTION 

The proto-oncogene c-MYC has been implicated in a variety of human and 
experimental tumors (for review see: 1-4). In some cases, the overexpression of c-MYC 
can be traced to genetic alterations of the oncogene itself, while in others this 
dysregulation is due to genetic defects in upstream regulators of c-MYC expression. In 

10 either case, the ability of c-MYC to promote proliferation through cell cycle re-entry 

appears critical to its oncogenic function. Accordingly, expression of c-MYC is induced 
by a variety of mitogens and repressed under conditions of growth arrest. Furthermore, 
ectopic c-MYC expression can in some cases promote re-entry of resting cells into the 
cell cycle and facilitate proliferation in the absence of external growth factors (5). 

15 The c-MYC gene encodes a transcription factor of the helix-loop-helix leucine 

zipper class (for review see 1, 2). C-MYC binds to E-boxes (CACGTG) in the vicinity 
of target genes which are then activated. The DNA binding activity requires 
dimerization with another helix-loop-helix leucine zipper protein called Max. Max can 
also interact with transcriptional repressors such as Mad and Mxil which presumably 

20 down-regulate expression of c-MYC target genes. Despite many advances and 

identification of a number of potential c-MYC target genes, the direct mediators of 
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c-MYC's effects on cell cycle re-entry have not yet been identified. There is a 
continuing need in the art to identify the components of the cellular machinery which are 
dysregulated in cancers and which are susceptible to therapeutic interventions. 

STTMMARY OF THE INVENTION 

It is an object of the present invention to provide a reporter construct useful for 
drug screening and identification. 

It is another object of the present invention to provide a host cell useful for drug 
screening and identification. 

It is an object of the present invention to provide a method to screen test 
compounds for anti-cancer activity. 

It is an object of the present invention to provide an isolated and purified nucleic 

acid molecule. 

It is an object of the present invention to provide a method of inhibiting the growth 
of tumor cells. 

These and other objects of the invention are provided by one or more of the 
embodiments described below. In one embodiment, a reporter construct is provided. 
The reporter comprises an upstream region of a mammalian CDK4 gene 
transcription start site comprising at least four c-MYC binding sites and a coding 
sequence for a reporter protein. The upstream region is upstream of the coding 
sequence. The upstream region and coding sequence are operably linked so that a wild- 
type c-MYC upon binding to the upstream region activates transcription of the coding 
sequence. 

According to another embodiment of the invention a host cell is provided. The 
host cell comprises a reporter construct as described above and 
a c-MYC protein. The c-MYC protein binds to the reporter construct and activates 
transcription of the coding sequence for the reporter protein. 

According to still another aspect of the invention a method is provided for 
screening test compounds for anti-cancer activity. A c-MYC protein is contacted in the 
presence of a test compound with a reporter construct as described above. Expression 
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of the reporter protein is monitored. A test compound which decreases expression of 

the reporter protein is a candidate anti-cancer agent. 

Also provided by the present invention is an isolated and purified nucleic acid 

molecule. The molecule comprises at least one copy of a region upstream of a human 
5 CDK4 gene transcriptional start site. The region comprises at least four c-MYC binding 

sites comprising the sequence CACGTG. The nucleic acid molecule does not contain 

the CDK4 coding sequence. 

According to another aspect of the invention another method is provided for 

screening test compounds for anti-cancer activity. A c-MYC protein is contacted in the 
10 presence of a test compound with a nucleic acid molecule as described above. Binding 

of c-MYC protein to the nucleic acid molecule is monitored. A test compound which 

decreases binding of c-MYC to the nucleic acid molecule is identified as a candidate 

anti-cancer agent. 

Another embodiment of the invention provides a method of inhibiting the growth 
15 of tumor cells. Tumor cells which comprise a genetic alteration which causes c-MYC 

overexpression are contacted with an agent which inhibits CDK4 enzymatic activity. 
Tumor cell growth is thereby inhibited. 

According to yet another aspect of the invention a method of screening 
compounds to identify those which have anti-cancer activity is provided. A cell which 
20 has a genetic alteration which dysregulates c-MYC expression is contacted with a test 

compound. Activity of CDK4 in the cell is measured. A test compound which inhibits 
activity of CDK4 is identified as a candidate agent with anti-cancer activity. 

These and other embodiments provide the art with new targets for therapeutic 
intervention and drug discovery for cancers. 
25 1VRTF.F DrcSCRTPTTON OF THF DRAWINGS 

Figs. 1 A-1D show the effects of ectopic c-MYC and MadMyc expression on cell 
cycle distribution and CDK4 mRNA/protein levels. 

Fig. 1A. Flow cytometric analysis of serum starved HUVEC cells (48 hours in 0.5% 
serum) which were infected with the indicated viruses and maintained in 0.5% serum 
30 (-serum) or restimulated by addition of 2% serum (+serum). Cells were harvested 12 
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(lower panel) or 24 hours (upper panel) after viral infection and subjected to flow 
cytometric analysis as described in (8). 

Fig. IB. Northern blot analysis with RNA (2.5 mg) from HUVEC cells serum starved 
(0.5%) for 24 hours and then subjected to the serum stimulation (2%) and/or 
adenoviral infection as indicated. Membranes were hybridized with a probe for CDK4 
or a control probe for Laminin mRNA. 

Fig. 1 C. Western blot analysis of lysates from serum starved HUVEC cells (48 h in 
0.5% serum) infected with Ad-Myc, Ad-GFP or serum stimulated and harvested at 
the indicated times. Membranes were probed with a CDK4 specific antibody (see 
Materials and Methods). 

Fig. 1 D. Northern blot analysis with RNA from a human B-cell line (P493-6) after 
activation of a conditional c-MYC allele. P493-6 cells harbor a c-MYC gene under 
control of a tetracycline-responsive element (24). 

Figs. 2A-2E show MYC binding sites (MBS) in the CDK4 promoter. 

Fig. 2 A. Map of the human CDK4 gene indicating the position of E-boxes (MBS) in 
the promoter of the human CDK4 gene (black rectangles: MBS1-5). Grey 
shading represents the CDK4 open reading frame (ORF). The arrow indicates 
the transcription start site (TSS). 

Fig. 2 B. Alignment of the human anjtfnouse CDK4 promoter sequence upstream of 
the TSS. Identical residues^re shaded black and the identical MBS are shaded 
gray. ' 

Fig. 2 C. Gel electrophoretic mobility shift assay. Oligonucleotides encompassing the 
first 200 bp upstream of the TSS depicted in (B) containing either wildtype (wt) 
or mutant (mt) MBS were end-labeled with [ y- 32 P] ATP and incubated with 
combinations of in vitro translated MYC and MAX proteins (38). DNA-protein 
complexes were separated by electrophoresis and detected as "shifts" from the 
position of the free probe. Addition of an antibody (Ab) directed against an 
HA-epitope engineered to the C-terminus of MAX was able to generate a 
"supershifted" band as indicated by the asterisk. Unlabeled oligonucleotides (40x 
excess) were used as competitors in some reactions. Luciferase activity of CDK4 



promotor constructs was measured in Rati cells cotransfected with the indicated 
reporter and a P-galactosidase expressing vector as control. 

Fig. 2 D. Luciferase activity is presented as the average of three separate 
experiments with standard deviation as error bars. 

Fig. 2 E. Luciferase activity of indicated CDK4 promotor constructs (MB SI -4 or 
mutMBSl-4) was measured inNIH3T3 cells cotransfected with empty vector 
(Control) or the indicated amounts (mg) of expression vectors for wild type (WT) 
c-Myc or mutant c-Myc (16). Luciferase activity was measured 48 hours after 
transfection and presented as relative activity normalized to the control activity of 
the wild type promotor (MBS1-4). Values are the average of four determinations 
with the standard deviation as error bars. 

Figs. 3 A-3B. Requirement of c-Myc for normal induction of Cdk4 after 
serum-stimulation. 

Fig. 3 A. RATI c-Myc+/+(TGR-l) and Rati c-M>W-(H015.19) were 

serum-starved for 48 hours in DMEM containing 0.25 % calf serum. RATI and 
RATI c-Myc-U were restimulated with 10% calf serum/DMEM and RNA ly sates 
prepared at the indicated times. Northern blot analysis was performed with a 
probe for Rat Cdk4 and Gap-DH as an internal control. Relative Cdk4 mRNA 
levels were determined by quantitating the hybridization signal using a 
Phosphorlmager followed by correction for the number of cells loaded using the 
internal Gap-DH standards. 

Fig. 3B. RATI c-Myc+/+(TGR-l) and Rati c-M>>c-/-(H015.19) were 

serum-stimulated as described in Fig. 3 A and protein lysates prepared at the 
indicated time. Western blot analyses were performed with antibodies against 
CDK4, CyclinDl, and cc-Tubulin. 

Figs. 4A-4B. Growth enhancement of c-Myc-deficient cells by ectopic CDK4 
expression. 



Fig. 4A.Western blot analysis of CDK4 expression in c-Myc-deficient RATI cell 
infected with a CDK4 encoding retrovirus and a gene conferring hygromycin 
resistance. CDK4-P1, -P2, and -P3 represent pools of hygromycin resistant c-Myc-/- 
cells. "CDK4" refers to the endogenous CDK4. 
5 Fig. 4B. The pools from Fig. 4A were analyzed for growth rates. Cells were seeded 

in DMEM containing 10% calf serum and counted at 24-hour intervals. Each time 
point represents the average of two independent experiments. 

Fig. 5 . Correlation between c-MYC and CDK4 mRNA in colorectal tumors. 

Northern blot analysis with RNA isolated from normal colonic epithelial cells and 
10 tumor cells derived from 3 different patients. 



DETAILED DESCRIPTION O F THE INVENTION 

It is a discovery of the applicants that CDK4 gene expression is directly regulated 
by c-MYC. c-MYC is known to drive cellular proliferation by promoting cell cycle 
15 re-entry. It is genetically dysregulated in a variety of specific cancers. CDK4 

provides a direct link between the oncogenic effects of c-MYC and cell cycle 
regulation. 

Based on this direct link, one can screen test compounds for anti-cancer activity in 
ways not previously envisioned. For example, one can screen compounds for those 

20 which alter transcriptional responsiveness of an upstream region of a mammalian 

CDK4 gene to c-MYC. Since the region appears to be highly conserved among 
mammalian species, the region can be derived from any mammalian species, including 
human, mouse, rat, cow, hamster, guinea pig, monkey, ape, chimpanzee, etc. 
Transcriptional responsiveness can be monitored by using a reporter gene which 

25 upon transcription/translation yields a reporter protein. A test compound which 

decreases expression of the reporter protein is a candidate anti-cancer agent. 
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Transcriptional responsiveness can be measured in an in vitro 
transcription/translation system, or in a cell which harbors a reporter construct which 
comprises the upstream region and a coding sequence for the reporter protein. The 
reporter protein can be any whose expression is easy to monitor. It can be an 
enzyme, or a fluorescent protein, for example. Many suitable reporter proteins are 
known in the art. Appropriate means of monitoring reporter proteins are known in 
the art. For example, assays are known which can be used to conveniently monitor 
enzymes. Fluorescence detection techniques are known in the art for detecting 
fluorescent proteins. 

A reporter construct, as mentioned above, has an upstream region of a mammalian 
CDK4 gene and a coding sequence of a reporter protein. The reporter gene is 
preferably not the CDK4 protein. The two elements of the reporter construct are 
operably linked so that a wild-type c-MYC activates transcription of the coding 
sequence upon binding to the upstream region. The upstream region is typically at 
least 200 bp and contains at least four c-MYC binding sites. These contain 
CACGTG motifs. 

Host cells which contain the reporter construct are useful for cell-based drug 
screening assays. Any host cell can be used which is compatible with the reporter 
construct. Typically certain vectors can be replicated in certain host cells. Preferably 
the host cell will express a c-MYC protein which will bind to the upstream region 
contained within the reporter construct. More preferably the host cell expresses 
more c-MYC protein than a normal cell. Even more preferably the host cell is a 
tumor cell which is genetically altered so that it expresses more c-MYC protein than 
a normal cell. 

The amount of decrease of expression will vary from compound to compound 
tested. Larger decreases are believed to be indicative of greater ultimate therapeutic 
usefulness. However, other factors are also important in evaluating ultimate 
therapeutic usefulness, as are well known in the art. These include solubility, cellular 
uptake, serum stability, side effects, toxicity. 



Isolated and purified nucleic acid molecules which contain the upstream region of 
human CDK4 typically do not contain the amino acid-coding sequence oiCDK4. 
Such molecules can be attached to a solid support and used inter alia for purifying c- 
MYC, and for assaying the strength and/or amount of binding of c-MYC. 

Test substances can be contacted with a c-MYC protein and their effect on the 
protein's binding to a nucleic acid molecule containing the CDK4 upstream region 
can be monitored. Binding can be assessed according to any method known in the 
art, including but not limited to a gel electrophoresis mobility shift assay (as described 
below), using antibodies, and on a column of immobilized nucleic acids. 

Tumor cell growth can be inhibited either in vitro or in vivo by administration of an 
agent which inhibits CDK4 enzymatic activity. Preferably the tumor cell will have a 
genetic alteration which causes c-MYC overexpression. Such alterations are known 
to occur in Burkitt's Lymphoma, neuroblastoma, and colon cancer. Known genetic 
alterations which affect such dysregulation include a t8;14 translocation, 
amplification of c-MYC, and mutations in APC or P-catenin. Agents which can be 
used to inhibit the enzymatic activity of CDK4 include any which are known in the 
art. Protein pl6 and truncated versions of it as well as pl8 inhibit CDK4 and can be 
used to inhibit tumor cell growth of cells which have genetic alterations which cause 
c-MYC overexpression. Fahraeus et al, O ncogene 1 998 SjSjff^j^djsclosing pl6 
derivatives). See also Kubo et al, Clin. Cancer Res. 1999, 5:4279-86 (disclosing 3- 
amino thioacridone and its structural homologs). Agents can be administered by any 
mode known in the art which retains agent activity and provides access to the cancer 
cells. These include without limitation oral, intravenous, intraperitoneal, 
subcutaneous, intramuscular, intrathecal. 

Cells which have a genetic alteration which dysregulates c-MYC expression can 
also be used to screen for potential anti-cancer drugs. Test compounds can be 
contacted with such cells and their effects on the cells' CDK4 enzymatic activity can 
be monitored. A test compound which inhibits CDK4 activity is identified as a 
candidate agent with anti-cancer activity. Methods for assaying for CDK4 enzymatic 
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(kinase) activity are known in the art and any such method can be used. See for 
example Li J, etal, Biochemistry, 2000, 39:649-657. 

The above disclosure generally describes the present invention. A more complete 
understanding can be obtained by reference to the following specific examples which 
5 are provided herein for purposes of illustration only, and are not intended to limit the 

scope of the invention. 

EXAMPLE 1 

This example demonstrates that c-MYC expression is necessary but not 
sufficient for cell cycle re-entry. 

10 Infection of human umbilical vein cord (HUVEC) cells with an adenovirus 

containing a dominant negative mutant of c-MYC (MadMyc,(10)) prevented their 
serum-induced re-entry into the cell cycle (Fig.lA). Infection with an adenovirus 
containing a wild type c-MYC gene did not efficiently induce re-entry in the absence 
of serum (Fig. 1 A). In combination, these results suggest that c-MYC expression is 
15 necessary but not sufficient for HUVEC cell cycle re-entry. Furthermore, this system 

provided a way to potentially identify the genes regulated by c-MYC in the absence 
of incidental changes associated with proliferation. 

Cell Culture, Medium and Reagents. Human umbilical vein cord cells 
(HUVEC) and their respective media were obtained from Clonetics (San Diego, CA). 

20 Adenovirus Generation. High titer ad/novirus expressing c-MYC or 

MadMyc was generated using the AdEasy system as described (8). In brief, a 
fragment containing the CMV-promoter^and a human c-MYC cDNA fused to an 
"f^ / HA-epitope-tag was excised from the/construct HH67 (9) using the restriction 

enzymes Xho I and Hind III and inserted into the shuttle vector pAdTrack. To 
25 generate an HA-epitope taggejmadMyc cDNA, the previously described MadMyc 

encoding plasmid (10) waS/eniployed as a template in a PCR using the primers 
5 '-GTCTC AGGT ACCTTCCACC ATGGCGGCGGCGGTTCGG-3 ' and 



5 ' -GATC ATCGATGTT ATTGT ATGGT AAC ATGG^3 ' . The resulting fragment 
was cut with Kpn I and Cla I and ligated into the^l61 vector (see above) digested 
with the same enzymes. A fragment containing the CMV-promoter and the 
MadMyc-ORF was then transferred to pAdTrack. After recombination with the 
5 vector pAdEasy, high titer virus was generated in 91 1 and 293 cells. Viruses were 

purified via a CsCl gradient and the/effective titer was determined by the frequency of 
GFP positive cells after infectio/T The efficiency of the infection was normalized to 
the frequency and intensity ^»f GFP positive cells. 

F.XAMPLE 2 

10 This example demonstrates the association of expression of CDK4 with 

c-MYC. 

Serial analysis of gene expression (SAGE) was used to determine which 
genes are induced by expression of c-MYC in these human cells. SAGE was 
performed on serum-starved HUVEC cells 12 hours after infection with either a 

15 c-MYC-expressing virus (Ad-Myc) or a control virus containing the gene for green 

fluorescent protein (Ad-GFP). The most intriguing c-MYC induced transcript in 
terms of cell cycle regulations was that encoding the cyclin dependent kinase 4 
(CDK4) (17). This transcript was of particular interest as ectopic expression of 
CDK4 had been previously shown to mimic some of the effects of c-MYC 

20 overexpression. For example, expression of CDK4 or c-MYC is sufficient to prevent 

the cell cycle arrest associated with serum-starvation (5,14), exposure to TGF-p 
(18,19), or ectopic expression of p53 (20,21). Likewise, c-MYC and CDK4 genes 
can both immortalize primary cells (22,23). 

Induction of CDK4 mKNA was detectable as early as 6 hours after infection 

25 with Ad-Myc and increased 3-4 fold by 15 hours (Fig. IB and data not shown). This 

increase in CDK4 mRNA was accompanied by an induction of CDK4 protein 
(Fig.lC). CDK4 mRNA was also induced after addition of serum to serum-starved 
cells (Fig. IB, compare lanes 1 and 2). This induction of CDK4 by serum was 
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dependent on c-MYC, as adenoviral expression of dominant-negative mutant 
MadMyc prevented the induction of CDK4 mRNA after serum-stimulation (Fig. IB, 
compare lanes 2 and 5). Expression of MadMyc also led to a reduction in the low 
level of CDK4 mRNA present in serum-starved cells (Fig IB, compare lanes 1 and 
5 4). 

In order to test whether other cell types displayed c-MYC regulation of 
CDK4, human primary B-cells engineered with a tetracycline inducible c-MYC gene 
were employed (24). Induction of c-MYC RNA was detectable 4 hours after removal 
of tetracycline. Induction CDK4 mRNA lagged 1 hour behind the c-Myc induction 
10 (Fig. ID). Induction of CDK4 protein lagged 2 hours behind the induction of CDK4 

mRNA (Schuhmacher et al., unpublished data). 

Taken together, these results suggested that c-MYC directly regulates CDK4 
mRNA expression. 

Sage Analysis. Total RNA was harvested 12 hours after Ad-Myc or Ad-GFP 
15 infection of HUVEC cells which had been arrested by serum starvation for 48 hours. 

SAGE was performed as described (1 1,12) and a total of 92,478 tags representing 
approximately 8,500 different transcripts were analyzed to identify candidate c-Myc 
induced genes. 

Northern Blot Analysis. Total RNA was prepared by CsCl gradient 
20 ultracentrifugation of guanidine isothiocyanate-lysed cells as described (11). Probes 

directed against the 3' untranslated region of the respective mRNAs were generated 
by PCR using ESTs as templates and subsequent gel-purification. Hybridizations 
were performed in QuickHyb following the manufacturer's instructions (Stratagene). 
Western Blot Analysis. For Western blot analysis, cells were lysed in 2x 
25 Laemmli buffer. Proteins were separated on SDS/polyacrylamide gels (Novex) and 

transferred to nitrocellulose membranes (Millipore). Membranes were preblocked in 
5%milk/TBS for 30 minutes and then probed with different primary antibodies 
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diluted in 5% milk/TBS/0.05% Tween 20 for 60 minutes and then for 30 minutes 
with an HRP-coupled secondary antibody. After washing the membranes for 30 
minutes in TBS/0.05% Tween 20, ECL (enhanced chemiluminescence) detection was 
performed according to the manufacturer's instructions NEN). Primary antibodies 

5 used for detection were AB-l/DCS-35 (Neomarkers) for cdk4, A-12 (Santa Cruz) 

for cyclin Dl, rat a-HA (Cat# 1867423, Boehringer Mannheim) for tagged proteins 
and TU-02 (Santa Cruz) for a-tubulin. For analyses of CDK4 protein, we found that 
the use of the AB-l/DCS-35 antibody was critical because other commercially 
available antibodies detected cross-reacting non-CDK4 proteins of similar size to 

10 CDK4. 

F X AMPLE 3 

This example demonstrates that c-MYC directly regulates CDK4 mRNA 
expression. 

The possibility that c-MYC directly regulates CDK4 mRNA expression was 
15 further supported by examination of the human CDK4 gene sequence. There were 

only five potential c-MYC-binding sites (MBS) within the entire 45,976 bp within 
and surrounding the CDK4 coding sequence, four of which were clustered in a 200 
bp region immediately upstream of the transcription start site (Fig. 2A and B). As 
the effect of c-MYC expression on human and rodent cell cycle re-entry is similar, 
20 MBS would be expected to be present in the murine CDK4 gene promoter if CDK4 

were a general target of c-MYC. To evaluate this possibility, we determined the 
sequence of the murine Cdk4 gene promoter after isolating a mouse BAC containing 
this gene. Remarkably, the murine promoter contained the same four MBS 
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(MBS1-4), identical to those observed in humans in sequence and in position with 
respect to the Cdk4 transcription start site (Fig. 2B). MBS5 was not found to be 
conserved. 

To test whether c-MYC actually binds these putative MBS, gel 
5 electrophoretic mobility shift assays (EMSA) were performed with the MBS 

containing portion of the CDK4 promoter. c-MYC/MAX complexes specifically 
bound a CDK4 promoter fragment containing MBS1-MBS4 but not a CDK4 
promoter fragment containing a mutant MBS1-MBS4 in which each MBS had a 
single nucleotide substitution (CACGTG -> CACCTG) (Fig. 2C). The specificity of 
10 the observed complexes was demonstrated by competition with wild type CDK4 

MBS but not mutant CDK4 MBS (Fig. 2C). Addition of an antibody directed against 
an HA-epitope present in the recombinant MAX protein was able to generate a 
"supershift" of the putative MYC/MAX and MAX/MAX complexes bound to DNA. 
Isolation of the Human and Murine CDK4 Genes/ The primer pair 
15 5'-CAC3CATCACCTCTGGTACCC-3' and 5'^CCGAAjfccGGGGCGAACGCCGGACG-3' 

respectively, derived from the cosmid sequenced) and GenBankHSU81031) 
containing the CDK4 promoter region was/sed to screen a human B AC library. A 
B AC (662M22, Research Genetics) containing the CDK4 promoter was digested 
with Kpn\. A 2 kb fragment containing the CDK4 promoter was identified using 
20 PCR and then subcloned into pBR322 (corrected sequence deposited as GenBANK 

entry ####). For isolation ofjhe murine cdk4 gene the primer pair 

5'-CTGCCACTCGATATGAA52fJCG-3' and 5 ' -TAGATCCTTAATGGTCTCAACCG -3' derived 

from the mouse Cdk4 cI&A was used to identify a BAC (509, Research Genetics) 
containing the mous/cdk4 gene. A 4 kbp Kpn I fragment containing the promoter, 
25 exon 1 and 2 and^the first intron was then subcloned into pBR322 and partially 

sequenced (sequence deposited as GenBANK ####). 
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Gel Electrophoretic Mobility Shift Assays. DNA binding assays were performed 
in 25 mM Tris HC1 (pH 7.5), 80 mM Nad, 35 mM KC1, 5 mM MgCl 2 , 1 mM DTT, 
6 ug/ml poly(dldC), 10% glycerol, 2.4% NP40. Proteins were generated by a 
coupled in vitro transcription/translation using the TNT T7 Quick System (Promega) 
and employing Max and ct-Myc (a truncated version of c-MYC) encoding plasmids 
described in (14). Approximately 10 6 cpm of end-labeled oligonucleotides (40 ng 
DNA) was used per reaction. The respective wild type and mutant DNA CDK4 
promoter fragments were released by a Kpn VBamH I digestion from the reporter 
constructs described below. DNA and proteins were incubated for 30 min at room 
temperature. Anti-HA antibody (Cat# 1867423, Boehringer Mannheim) was added 
for the last 15 minutes of this incubation. The complete reactions were then loaded 
on a non-denaturing 5% acrylamide gel and separated in 0.5 x TBE (lx = 0. 1 M Tris 
pH 8.4, .09 M boric acid, ImM EDTA) for 6 hours at 4°C at 100 V. 

F X AMPLE 4 

This example demonstrates that the four potential MBS sequences are 
required for transactivation of CDK4 by c-MYC. 

To test whether the four potential MBS sequences were required for 
transactivation of CDK4 by c-MYC, reporter-constructs with specific point 
mutations in the MBS1-4 sequences (CACfiTG -> CACCTG) were generated in 
different combinations (Fig. 2D). A fragment encompassing 200 bp of the region 



14 



directly upstream of the CDK4 transcription start site conferred strong transcriptional 
activity to a reporter after introduction into RATI cells (Fig. 2D). The activity of 
this reporter was mediated through MBS1-4 sequences, as mutation of all four sites 
almost completely abrogated transaction. Mutation of individual MBS elements 
suggested that MB S3 and MBS4 were particularly important for mediating the 
c-MYC responsiveness of the CDK4 promoter (Fig 2D). To further evaluate the 
c-MYC responsiveness of the CDK4 promotor, we tested the ability of exogenous 
c-Myc to activate the CDK4 reporters in NTH3T3 fibroblasts (Figure 2E). These 
studies indicated that wild-type c-Myc, but not a mutant c-Myc lacking the HLH 
domain, transactivated the CDK4 promoter by 4 to 5 fold. Point mutations of the 
four MBS (mutMBSl-4) resulted in a markedly diminished basal activity of the 
mutant promoter, whose activity remained about 100-fold less active than the 
wild-type promoter even in the presence of co-transfected wild-type c-Myc. These 
data suggest that c-Myc directly activates the CDK4 promoter in an E-box dependent 



manner. 



Reporter Assays. To generate reporter constructs, the following oligonucleotides 
were used: 

5'-CCGGTACCGGGTTGTGGCAGCCA^'CACGTGCCCGCCGCGTAGCCACACCTCTGCTCCTCA 
GAGCAATGTCAAGCGGTCACG3^'GATAGCAACAGATCACGTGGCTGCCATCGCCCCTC-3 , 

(Oligo A, for wild type MBS 1-3), 

5'-ATGAATTCCGGACGTTCTGGGCACGTGACCGCCACCCATG 
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CGCTGAGGGGCGGACAGGAGGTGCTTCGACTGGGAGGAGGGCGAAGA^jTGTAAGGGGGCGG 

AGGGGCGATGGC AGCC -3 ' (Oligo B, for wild type MBS 4), 
5'-CCGGTACCGGGTTGTGGCAGCCAGTCACCTGCCCGCCGCGTA^CC 

ACACCTCTGCTCCTCAGAGC^^ 

5 CCATCGCCCCTC -3' (Oligo C, for mutant MBS 1-3), 

5'-ATGAATTCCGGACGTTCTGGGCAGGTGACCGCCACCG^TGCGCTGAGGGGCGGACAGGAG 
GTGCTTCGACTGGGAGGAGGGCGAAGAGTGTAAGGG^GCGGAGGGGCGATGGCAGCCAGG-3' 

(Oligo D, for mutant MBS 4). Different combi/ations of oligonucleotide pairs (A+B, 
A+D, C+B, C+D) were annealed and converted to double stranded fragments 
10 through 1 PCR cycle. These promotor fragments were subcloned into the Kpn 

VBamHl sites of pBV-luc, a modified JgLI -basic derived reporter containing a 
minimal promoter (15). Further poly/erase-derived mutants (mutMBS2 and 
mutMBS3+4) were identified whil/ jequencing the reporter constructs. For reporter 
assays in RATI cells, transfectiohs were performed using Lipofectamine (Life 
15 Sciences), 1 mg of reporter p/smid and 0.1 mgof a p-galactosidase reporter to 

control for transfection effi/ency. Luciferase and (J-galactosidase activities were 
assessed 24 h following /ansfection-using reagents from Promega and ICN 
Pharmaceuticals, respectively. To test the ability of exogenous cMyc to transactivate 
reporters, subconflvfent NIH3T3 fibroblasts were transfected by Lipofectin (Gibco) 
20 with 2 mg of rep/rter plasmid and different amounts of either MLV-LTR driven 

plasmids expr/sing wild type c-Myc or mutant c-Myc with the helix-loop-helix 
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(HLH) domain deleted (deletion of amin0 acids 371-412) (16). Luciferase activity 
was measured 48 hours after transfecpon following the manufacturers protocol 
(Promega). Total DNA amount was equalized by adding different amounts of empty 
MLV-LTR vector. / 

Cell lines: The RATI fibroblast subclone TGR-1 and the c-Myc -/- derivatives have 
been described (6). RATI fibroblasts and BOSC23 (7) packaging lines were cultured 
in growth medium (DMEM supplemented with 10% calf serum, Life Technologies, 
Gaithersburg, MD). 

Retrovirus Generation. The CDK4 ORF was generated PCR using the EST 
W77860 as a template and the primers / 

5 , -GCGGATCCGCGGCCGCCTTCCACCATGGCPACCTCTCGATCTGAGC-3 , and 
5 ' -CggTCg ACTC ACTCCGG ATT ACCTTC^TC-3 * . The resulting product was 
digested with the enzymes Not I and SalYmti inserted into the respective sites of the 
vector GIBgSVNA (a retroviral vector encoding a hygromycin resistance gene and 
P-galactosidase) replacing the B/galactosidase gene. The unmodified vector was 
used as a control. Bosc23 packaging cells (7) were transfected and the supernatant 
of resistant, pooled cells was used to infect Rati cells. 

EXAMPLE 5 

This example demonstrates the roles and relationships of c-MYC and CDK4 
in the cell cycle. 
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In order to determine whether c-MYC plays a role in the induction of CDK4 by 
mitogens, we studied Rati fibroblasts in which the c-Myc gene had been inactivated 
by homologous recombination (6). These cells exhibit an extension of their Gl- and 
G2-phases, leading to an increase in cell doubling time from 18 hours to 
5 approximately 50 hours (25). Serum stimulated induction of Cdk4 mRNA was 

attenuated and delayed in c-iWyc-deficient cells. This attenuation was evident 
whether normalized for total cellular RNA (Figure 3 A) or cell count (Figure 3B) and 
was about two fold greater than the deficit observed for the induction of Gap-DH 
and other house keeping genes in the c-Myc deficient cells. Consistent with this 
10 deficit, both serum starved and exponentially growing c-Myc deficient cells displayed 

lower basal levels of Cdk4 mRNA than their wild type counterparts (Figure 3B and 
data not shown). Additionally, CdkA expression was restored in c-Myc-/- cells that 
ectopically expressed c-Myc from a retroviral construct (Fig. 4A and data not 
shown). The defect in Cdk4 mRNA induction was also reflected by a defect in 
15 induction of Cdk4 protein (Fig. 3C). In contrast to Cdk4, Cyclin Dl showed higher 

than normal levels of induction after serum stimulation of c-Myc-deficient cells (Fig. 
3C) confirming that c-Myc deficient cells do not have a general defect in their 
mitogenic signaling cascades as previously reported (25). 
We next hypothesized that the failure to form active Cdk4/Cyclin Dl complexes 
20 contributed to the previously observed prolongation of the Gl -phase in c-Myc 

deficient Rati cells grown in the presence of serum. To test this conjecture, c-Myc-l- 
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Rati cells were infected with retroviruses conferring expression of either CDK4 or p. 
Galactosidase. Analysis of the CDK4 retrovirus infected cells revealed expression of 
CDK4 at levels comparable to those seen in wild type Rati ceUs (Fig. 4A). Ectopic 
CDK4 expression led to a significant increase in growth rate (Fig. 4B). The doubling 
5 time of CDK4-expressing c-Myc -I- Rati cells was reduced to 29.75 hours (SD 2.3, 

n=8) when compared to parental or P-Galactosidase expressing cells, which doubled 
every -42.8 (SD 5.27, n=4) hours. 

EXAMPLE 6 

This example demonstrates the expression of c-MYC and CDK4 in human 
10 tumors. 

To determine whether the link between c-MYC and CDK4 extends to naturally 
occurring human tumors, we evaluated colorectal cancers. It has previously been 
shown that these cancers overexpress c-MYC (e.g., 26, 27), usually because of 
genetic defects in APC or P-catenin, which regulate the activity of the c-MYC 

15 promoter (15). Northern blot analysis revealed a concordant increase in c-MYC and 

CDK4 expression in colorectal cancers when compared to normal colorectal 
epithelium derived from the same patients (Fig. 5). This observation was consistent 
with previous reports showing increases in CDK4 levels in early adenomas of mice 
and humans with APC mutations (28,29). 

20 Discussion 
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The above results suggest that the ability of c-MYC to promote cell cycle re-entry is 
in part due to its ability to directly induce the transcription oiCDK4. This 
mechanism is consistent with several previous observations. First, embryonic 
fibroblasts derived from Cdk4 -I- mice show a prolonged transition from Gl to 
5 S-phase after serum stimulation (30,3 1), similar to the phenotype of c-Myc deficient 

fibroblasts (6). Second, a striking defect in Cyclin/Cdk activity was recently 
demonstrated in c-Myc-deficient fibroblasts, with a 12-fold reduction in the activity 
of Cdk4/Cyclin Dl and Cdk6/Cyclin Dl complexes (25). Our results suggest that 
one factor contributing to the reduction was the reduced amounts of Cdk4 protein in 
10 c-iWyc-deficient cells. Because Cdk4 is regulated at multiple levels, it is likely that 

other Myc-dependent factors also contribute to the defect in Cdk4 activity in c-Myc 
deficient cells. Indeed, the reduction of Cdk4 activity is significantly greater than the 
reduction in Cdk4 protein (25 and unpublished data). Third, c-MYC can antagonize 
the growth inhibition mediated by three different CDK-inhibitors (p21, p27, and 
15 p 16), suggesting that c-Myc induces a protein that can compensate for such inhibition 

(21,32,33). CDK4 is a protein that could clearly function in this manner, since it can 
serve to sequester p21, p27, and pl6 (34,35). This sequestration may account for 
the ability of c-Myc overexpression to substitute for pi 6 deficiency in mouse 
fibroblast transformation (36). Finally, a target of CDK4 phosphorylation is the 
20 retinoblastoma tumor suppressor gene product pRB (37,38) and as noted above, 

CDK4 can inhibit the activity of pl6. The ability of CDK4 to functionally inactivate 
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the products of two tumor suppressor genes, RB and pi 6, provides a link between 
c-MYC and the CDK4/CYCLIN Dl/pRB/pl6 pathway and may account for the lack 
of genetic alterations of RB and pi 6 in some cancers. In such cancers, the elevated 
c-MYC expression and the consequent elevation of CDK4 expression could obviate 
the driving force for mutations in RB and pi 6. Consistent with this model, 
expression o£CDK4 was shown to transform primary REFs (rat embryo fibroblasts) 
in cooperation with activated Ha-rasG12V{39). Furthermore, ectopic expression of 
a fusion gene between CDK4 and Cyclin Dl is able to immortalize primary REFs and 
cooperates with activated Ha-ras to transform REFs conferring 
anchorage-independent growth in vitro and formation of tumors in vivo (40). Cyclin 
Dl and Ha-rasG12V coexpression alone did not lead to transformation, suggesting 
that cdk4 is necessary for transformation and immortalization (40). In these assays, 
CDK4/Cyclin Dl could be substituted by c-MYC (40). 

One puzzling observation made in the course of our studies is that Cdk4 transcription 
was not induced by Myc estrogen receptor (MycER) chimeras in RATI cells (data 
not shown). We do not know whether this is due to a subtle defect in the MycER 
protein compared to native protein, to physiological alterations in the MycER cell 
lines, or to a more complex regulation of Cdk4 by c-Myc than suggested by our 
model. 

Transcriptional targets of c-MYC have long been sought. CDK4 is especially 
interesting for several reasons. The induction of CDK4 was observed following 
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c-MYC expression independent of species (human or mouse) and cell type 
(endothelial, fibroblast, B-cells or epithelium), albeit to varying degrees. The 
regulation of CDK4 by c-MYC appeared to be direct, as suggested by the 
conservation of c-MYC binding sites in the CDK4 promoter and by their ability to 
confer responsiveness to exogenous MYC in reporter assays. Finally, the 
experiments reported here, as well as those reviewed above, provide plausible 
mechanisms that explain how this target (CDK4) can mediate some of the effects of 
c-MYC on the cell cycle. Though any single target is unlikely to explain all of 
c-MYC's activities, CDK4 provides a direct link between c-MYC's ability to promote 
tumorigenesis and cell cycle regulation. 
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